ABSTRACT: Transgenic cotton that produced one or more insecticidal proteins of Bacillus thuringiensis (Bt) was planted on over 15 million hectares in 11 countries in 2009 and has contributed to a reduction of over 140 million kilograms of insecticide active ingredient between 1996 and 2008. As a highly selective form of host plant resistance, Bt cotton effectively controls a number of key lepidopteran pests and has become a cornerstone in overall integrated pest management (IPM). Bt cotton has led to large reductions in the abundance of targeted pests and benefited non-Bt cotton adopters and even producers of other crops affected by polyphagous target pests. Reductions in insecticide use have enhanced biological control, which has contributed to significant suppression of other key and sporadic pests in cotton. Although reductions in insecticide use in some regions have elevated the importance of several pest groups, most of these emerging problems can be effectively solved through an IPM approach.
' INTRODUCTION
The cultivation of crops that have been genetically engineered (GE) to tolerate certain herbicides and resist specific insect pests has become dominant in several countries worldwide. Between 1996 and 2009 GE crops were grown on nearly 1 billion hectares of farmland globally. 1 Adoption continues to grow at a rapid pace with an average of about 10 million additional hectares of production added annually since 1996. 1 In 2009, GE crops were grown on 134 million hectares of farmland in 25 countries. Total GE crop production continues to be dominated (63% in 2009) by the cultivation of plants tolerant to the herbicides glyphosate or glufosinate. Insect-resistant crops producing the toxins of Bacillus thuringiensis (Bt) comprise most of the remaining market share (57% of these as stacked varieties with both insect resistance and herbicide tolerance) with <1% of crops engineered for resistance to several viral diseases. 1 Cotton accounts for about 40% of the world's natural fiber production and is commercially cultivated in 78 countries from temperate, subtropical, and tropical regions of the world. 2 Surveys have cataloged >1300 species of herbivorous insects inhabiting cotton, 3 but even though only a tiny fraction of these are considered pests of economic significance, cotton has historically been one of the largest users of insecticides worldwide. 4 There have been many improvements in the management of insect pests in cotton that have contributed to a reduction of insecticide use in this crop in the past two decades 5, 6 with perhaps the most notable being advances in biotechnology that have allowed engineering of plants to provide highly effective and selective control of caterpillar (Order Lepidoptera) pests, the most significant pest group of cotton globally.
Given the importance of this pest group, it is no surprise that Bt cotton technology has been rapidly adopted. Australia, Mexico, and the United States first allowed commercial production of Bt cotton in 1996 and Argentina, China, and South Africa joined these early adopters in the next two years (Table 1) . Commercial production of Bt cotton in India, the largest producer of cotton by land area, was first legally allowed in 2002, and adoption rates there have risen dramatically, with 87% of production in Bt varieties by 2009. Burkina Faso was the latest large-scale cotton-producing nation, and the second nation on the African continent, to allow Bt cotton cultivation, joining the list of adopters in 2008. Costa Rica permitted production in 2009, but all of its small output is for seed export. A total of 11 countries now grow Bt cotton, including four of the top five cotton-producing nations in the world, three of which have adoption rates over 60% ( Table 1) . As a result, it is estimated that Bt cotton comprised about half of all the cotton grown worldwide in 2009. 1, 2 This paper compliments several recent treatises on the subject [7] [8] [9] by highlighting specific elements of the impact of Bt cotton on integrated pest management (IPM). I will focus on the role of Bt cotton in regional target pest suppression, its impact on pest damage and insecticide use, interactions with nontarget pests in the system, and the role and impact of Bt cotton on the ecological services provided by biological control. This paper will not cover resistance management, a key component in Bt crop sustainability. The reader is referred to Naranjo et al. 9 for a discussion of resistance management in Bt cotton and to Ferr e et al., 10 Tabashnik et al., 11 and Carri ere et al. 12 for a broader discussion of resistance and resistance management in Bt crops.
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ARTICLE are important in Bt adopting countries, and the vast majority are highly susceptible to Bt cotton 9 even though the primary targets of the technology are various bollworms and budworms such as Helicoverpa and Heliothis spp., Pectinophora gossypiella, and Earias spp. As recent as a few years ago, most Bt cotton produced only a single Cry protein (e.g., Cry1Ac in Bollgard), but many countries are now using Bt cotton in which two different Cry proteins are produced in the plant (e.g., Bollgard II and Widestrike). These provide for a broader spectrum of activity against the Lepidoptera, enhanced control of caterpillars that were already susceptible to singletoxin transgenic plants, and better opportunities for managing insect resistance to Cry proteins. 10 Growers in Australia have been exclusively using two-toxin Bt cotton since 2004. 9 In the United States, Monsanto's registration of Bt cotton that produces only one Cry toxin (Bollgard) expired in 2009. Bollgard has been replaced primarily by Bt cotton that produces two toxins (Bollgard II and Widestrike). Thus, Bt cotton varieties with two Cry proteins is becoming common, and most Bt cotton is also genetically engineered to be herbicide tolerant.
' AN IPM PERSPECTIVE
For over five decades IPM has been the paradigm for pest control in agricultural systems globally. IPM has been defined by Kogan 14 as "a decision support system for the selection and use of pest control tactics, singly or harmoniously coordinated into a management strategy, based on cost/benefit analyses that take into account the interests of and impacts on producers, society, and the environment". Figure 1 depicts one way in which this broad concept can be visualized. Within this tactically based context, Bt crops in general can be characterized in one of two ways; they can be considered as vehicles for the novel delivery of a selective insecticide or as simply another example of host plant resistance that affects the insect's growth and development (antibiosis). The former characterization is perhaps a consequence of the way in which regulatory agencies view transgenic plants. For example, the U.S. Environmental Protection Agency (EPA) considers a Bt protein to be a "plant incorporated protectant" (PIP), and thus, they regulate transgenic plants with pesticidal properties much as they do any synthetic or organic pesticide. This characterization has raised debate on the question of whether or not Bt crops are compatible with one of the primary tenets of IPM, the delivery of control methods on an as-needed or prescriptive basis (Figure 1 , two upper layers of the pyramid). Bt proteins are produced in Bt cotton and other Bt crops continually and not just when economic infestations of pests might be feeding, leading to the perception of Bt crops as prophylactic control. The concept of IPM is of course much broader and includes both prescriptive and preventive components; these latter components are depicted as the base of the pyramid (Figure 1 ) and are composed of tactics that may lead to the avoidance of pest problems. Host plant resistance is one such preventive tactic and has long been recognized as a key component of IPM. 15 Thus, if Bt crops are correctly classified as a form of host plant resistance, then they are entirely compatible with IPM. In general, the development of conventional host plant resistance to key insect pests through breeding and selection efforts has been limited. 15 For example, cotton germplasm with variable levels of insect resistance (including that against pests that are the targets of Bt cotton) have been developed, but relatively few of these traits have been incorporated into commercially viable cultivars. 6, 16 Bt crops have simply accelerated the process of developing high levels of host plant resistance through recombinations of specific genetic material followed by crossing into multiple elite lines.
Regardless of how one characterizes Bt crops, they represent only one tactic that must be comprehensively integrated to allow effective and sustainable management of all pests in the system. 9, [17] [18] [19] [20] This is particularly true of cotton, which, as noted above, suffers from the depredation of many pests. The key lepidopteran pests of cotton are typically perennial threats, and thus the deployment of Bt cotton in a preventative manner is warranted. 6 However, beyond an understanding of historical pest distribution patterns, a grower's deployment of Bt cotton should also be based on experience, personal levels of risk aversion, and a weighing of the costs and benefits of the technology. These factors cannot always be evaluated scientifically, and ultimately the decision to use Bt crops or any other form of host plant resistance is up to the producer.
' REGIONAL TARGET PEST SUPPRESSION
It has long been recognized that control actions applied synchronously to subpopulations within a region may result in Figure 1 . Conceptual model of IPM organized into three layers identifying the major pest control components and their inter-relationships. Avoidance tactics provide the foundation of a management system by delaying or preventing potential pests from ever achieving economic status. In instances when the foundation is unable to supply the necessary pest suppression, Sampling and Effective Chemical Use provide for prescriptive pest control strategies Reprinted with permission from ref 9 with permission from Elsevier and Springer.
Journal of Agricultural and Food Chemistry ARTICLE large reductions in total pest populations. 21 The general concept of area-wide management has been developed and applied to insect pests in many systems. 22 The wide-scale adoption and use of Bt cotton represents a very successful implementation of such a synchronous control approach. Thus, it is no surprise that regional populations of target pests have been negatively affected in areas where rates of Bt cotton adoption have been high, benefitting both adopters and nonadopters of the technology.
Carri ere et al., 23 using historical data from 1992 to 2001 encompassing 15 cotton-producing regions in Arizona, showed declining populations of the pink bollworm, P. gossypiella, which feeds almost exclusively on cotton, as a function of an increasing proportion of Bt cotton starting three years after the initial introduction of the technology in 1996. These changes were corrected for natural variations in weather that can affect P. gossypiella overwinter survival. The authors further concluded that these regional declines in target pest populations were associated with a threshold value in Bt adoption of ≈65%. The nearly 100% efficacy of Bt cotton against this cotton specialist 24 along with the potential of this technology to cause regional declines in pest populations was largely responsible for the inception of a phased, cooperative eradication program among growers and state and federal agencies that was initiated in 2001. The program goal is the elimination of this exotic pest from the continental United States and northern Mexico by 2011. 25 In addition to Bt cotton, the eradication program uses several methods that were developed for management of P. gossypiella, 26 including pheromone-based mating disruption, mass release of sterile insects, various cultural control tactics, and insecticides. In 2006, the EPA granted Arizona an exemption from the mandatory refuge requirement, thus allowing producers to plant 100% Bt cotton. This unprecedented decision was based on the assumption that sterile insect releases would substitute for non-Bt refuges. To date, the program has nearly eliminated P. gossypiella from the Unites States and greatly reduced populations in the northern bordering states of Mexico. 27, 28 This result would probably have been impossible without the use of Bt cotton. There is little doubt that the rapid success in Arizona was driven largely by the nearly 100% planting of Bt cotton since 2006.
Similar large-scale patterns of target pest suppression have been seen for several other major target pests of Bt cotton. On the basis of 20 years of pheromone trap captures for the polyphagous H. zea and H. virescens, Adamczyk and Hubbard 29 examined regional trends in pest densities from a county in the Mississippi delta. From 1986 to 1996 moth captures averaged about 15 moths per trap per day for H. zea and about 20 for H. virescens, with neither species showing a consistent decreasing trend over that period. However, between 1997 and 2005 populations of both moth species have been declining, but at different rates. H. virescens has declined approximately 23-fold, whereas H. zea has declined only about 6-fold during this same period. As cotton is the primary host of H. virescens during the summer months, Bt cotton cultivation is the likely cause of declining abundance in this species. This association is less clear for the more polyphagous H. zea. The authors note that several other factors including greater use of preplant herbicides eliminating weed hosts and changes in soybean phenology and thus their attractiveness to H. zea relative to cotton may have contributed to these changes in abundance. In addition, H. zea is less susceptible to the Cry proteins in single-toxin Bt cotton, and better monitoring of their populations in cotton has resulted in increased management of this species with foliar insecticides.
A final example comes from the H. armigera/cotton system in northern China. This polyphagous cousin of H. zea is a major pest of cotton, corn, peanuts, soybeans, and various vegetables in this region of China. Wu et al. 30 used extensive historical data to show a linear decline in populations of H. armigera on cotton in six provinces in northern China associated with increasing years since the adoption of Bt cotton in 1997. In addition, this pattern of decline in Bt and non-Bt cotton has been mirrored in many of the other crops affected by H. armigera in this region and is likely to lead to reduced insecticide use on a large scale in multiple crops. The authors suggest that Bt cotton is acting as a dead-end trap crop (sensu 31 ) for this pest. Overall, these examples from China and the United States clearly demonstrate the "halo" effect of an extremely effective pest control technology deployed on an area-wide basis.
' NONTARGET PESTS
As emphasized above, the use of host plant resistance in the form of Bt cotton still represents only a single tactic in an overall IPM program. This has been reinforced in some part of the world where other pests not affected by Bt toxins have become more problematic. 9 Many of these nontarget pests in cotton are important in both Bt and non-Bt cotton and continue to be managed effectively in both types of crops by the judicious use of insecticides and other tactics. Others have risen in importance relative to other pests in the system but are no more problematic than in the past. For example, the plant bug, Lygus hesperus, which is a sucking insect pest and not susceptible to Bt proteins, is now considered to be the number one pest of cotton in Arizona on the basis of the proportion of total insecticide sprays targeting this pest. 32, 33 However, insecticide use has plummeted to historic lows in Arizona cotton, and insecticide use for L. hesperus has declined as well 33 (see below). On the contrary, large reductions in insecticide use for target lepidopteran pests (see below) in Bt cotton have acted to release certain pests that are not susceptible to Bt proteins and were once controlled with insecticides applied for these lepidopteran pests. For example, in Australia, the green mirid, Creontiades dilutus, green vegetable bug (Nezara viridula), leafhoppers (Austroasca viridigrisea and Amrasca terraereginae), and thrips (Thrips tabaci, Frankliniella schultzei, and Frankliniella occidentalis) have increased in importance. 34, 35 Sprays for the former species have in turn been linked with increased risk of spider mite, Tetranychus urticae, aphid, Aphis gossypii, and whitefly, Bemisia tabaci, outbreaks due to the disruption of natural enemies. 36, 37 In India, reduction in insecticide sprays has precipitated the resurgence of some minor pests such as mealybugs (Pseudococcus corymbatus, Pulvinaria maxima, and Saissetia nigra), thrips (T. tabaci), and leafhoppers (A. biguttula biguttula).
38 Mirid plant bugs (Lygus spp., Neurocolpus nubilus) and stinkbugs (e.g., N. viridula) have risen in pest status since the adoption of Bt cotton in the midsouthern and southeastern cotton-producing regions of the United States. 39 Many of these emergent pests are easily controlled with insecticides and other pest management tactics. Despite their increased importance, growers have adapted, particularly in Australia and the United States, such that overall use of insecticides for cotton pest management has continued to decline over the past decade 9 (see below).
A slightly different pattern has emerged in northern China, 40 where populations of a complex of mirid plant bugs (Adelphocoris suturalis, Adelphocoris lineolatus, Adelphocoris fasciaticollis, Lygus
Journal of Agricultural and Food Chemistry ARTICLE lucorum, and Lygus pratensis) have risen dramatically in association with reduced insecticide use in Bt cotton. Lu et al. 40 show a strong positive correlation between both plant bug densities and the number of insecticide sprays targeting plant bugs in cotton with an increasing proportion of Bt cotton adoption on the basis of surveys at multiple sites in six provinces in northern China. In contrast to the findings of this same group that showed significant regional reductions of H. armigera, plant bug populations have apparently grown regionally and are now affecting a number of different crops outside cotton, including apples, grapes, peaches, pears, and dates. 40 Although other agronomic and environmental factors may be involved in influencing these patterns, the lack of developed management systems for plant bugs in China has exacerbated the problem. It is likely that once such management systems are put in place, the problem in China will diminish as it has in Australia and the United States. In the end, total insecticide use in cotton has declined in this region of China despite increasing usage for plant bugs since the early 2000s. 40 In general, it would appear that many of these more problematic pests were not under good biological control prior to the introduction of Bt cotton and thus were unaffected by reductions in insecticide use that may have benefited natural enemy populations. With overall reductions in insecticides, more emphasis should be placed on improving biological control of these pests through augmentation, introduction, or conservation. There has been no evidence that Bt cotton itself is having any direct effect on population changes in these emergent pests. [40] [41] [42] [43] [44] Instead, the phenomenon ironically seems to be closely tied to reduced insecticide use, an indirect effect of the technology.
' PEST DAMAGE AND INSECTICIDE USE
Historically, cotton has been one of the largest users of insecticides in the world, 4 ,45 a trend largely driven by the presence of numerous arthropod pest species, including lepidopteran pests, which are the most important worldwide. 9 In the past 15 years or so this insecticide use pattern has undergone significant change. This can be attributed to several factors such as the availability of newer and more effective insecticides, eradication efforts targeting insects such as the boll weevil, historically one of the most significant pest of cotton in the United States and elsewhere, better overall IPM practices, and the adoption and deployment of Bt cotton. 6, 45 Using comparative farm-level data in adopting countries, Brookes and Barfoot 46 continue to compile the most comprehensive estimates available on the impact of GE crops on pesticide use, crop production, economics, and various environmental variables. They estimate that GE crops of all types have reduced the volume of pesticide active ingredient use by 352 million kilograms globally between 1996 and 2008. Reductions in insecticide use in Bt cotton alone account for nearly 40% of this change, a 141 million kilogram total decrease and a 22% change for this crop over the 13 year period. Reductions in the overall environmental toxicity of the insecticides used can be measured by changes in the environmental impact quotient (EIQ). 47 Brookes and Barfoot 46 estimate that the EIQ for Bt cotton has been reduced by 24.8% over this 13 year period. These benefits continue to accrue to developing nations disproportionately, with a 13.8:1 ratio of reductions in insecticide EIQ in developing nations relative to developed nations. 46 This is in large part driven by heavy rates of Bt cotton adoption by millions of farmers in India and China. A side benefit of reduced insecticide application in Bt cotton has been an estimated cumulative savings of 125 million liters of tractor fuel and an associated reduction of 344 million kilograms of CO 2 emissions. 46 The remainder of this section will focus on pest damage and insecticide usage patterns in U.S. cotton as a case study relative to Bt target and nontarget pests. Total damage by all pests in U.S. cotton averaged 7.4% from 1986 to 1995 and declined to an average of about 5.4% from 1996 to 2009, a 27% reduction 48 (Figure 2) . Damage inflicted by the three main targets of Bt cotton in the United States, H. zea, H. virescens, and P. gossypiella, averaged 2.2% prior to Bt cotton and dropped 33% to an average of ≈1.5% from 1996 onward. During these same pre-and post-Bt cotton periods, damage due to plant bugs collectively declined about 22% from an average of ≈1.2 to 1%, whereas low levels of stink bug damage increased about 4-fold to ≈0.5%. Damage statistics are of course influenced by the amounts of insecticides that are applied to control pest populations, and the inclusion of insecticide use statistics provides a more complete picture of pest impacts. The average number of total sprays per hectare averaged ≈5.5 in the pre-Bt cotton era but dropped 44% to an average of just over 3 per hectare following the introduction of Bt cotton (Figure 2) . A large portion of this reduction was realized in the control of the three major lepidopteran pests, with a 61% reduction in sprays for these pests between the pre-and postBt cotton period. Eradication of the boll weevil from many cotton-producing states also contributed to reductions in overall usage. On the contrary, sprays for plant bugs nearly doubled, albeit the average application rate was only 0.6 spray per hectare from 1996 to 2009. Likewise, sprays for stinkbugs increased from 0 prior to Bt cotton to an average of a little over 0.2 from 1996 onward.
These patterns of yield loss and insecticide use in the United States demonstrate how Bt cotton has contributed to greatly reducing the impact of the key lepidopteran pests while also slightly exacerbating problems with plant bugs and stink bugs due to reductions in overall insecticide use in the system. Regardless of these nontarget pest issues, total insecticide use in cotton has been nearly cut in half as a result of Bt cotton and other advances in pest management since 1996. Overall, the use of Bt cotton and associated advances in IPM over the past two decades has led to dramatic global reductions in insecticide use in a crop once characterized as one of the largest users of insecticides in the world.
' ENABLING BIOLOGICAL CONTROL
In addition to the large number of herbivores known to inhabit cotton worldwide, 3 the crop supports a large and diverse array of arthropod predators and parasitoids. [49] [50] [51] [52] [53] [54] This community keeps many potential pests from being economic problems and contributes to control of perennial key pests. 36, [55] [56] [57] [58] [59] [60] [61] Thus, a key component of any strategy for effectively managing cotton pests is maximizing biological control through conservation of the natural enemy community (see Figure 1) .
There are numerous examples of the direct and indirect interactions between arthropod natural enemies and plants that are resistant to certain herbivore species; these interactions may result in negative, positive, or neutral effects on biological control (see, e.g., refs 62-67). It is not surprising, then, that despite the long history of safety associated with Bt sprays, 13 ,68 the seasonlong expression of these proteins in crop plants through genetic transformation has prompted extensive research to address effects on nontarget organisms, particularly the arthropod predator and parasitoid communities that provide essential ecological services 69 in pest control. As of late 2008, more than 360 published research studies have examined the potential effects of Bt crops on nontarget invertebrates (including nontarget pests), 70 and numerous reviews (see, e.g., refs 8, 13, and 71-79) and several meta-analyses 44, 70, 80, 81 have explored and generalized the results of this extensive research. Overall, unlike conventionally bred insect-resistant plants that may sometimes be detrimental to both the pest and its associated natural enemies, Bt crops have been documented to be essentially benign to a wide range of nontarget invertebrates. Laboratory studies that have reported negative effects on species of arthropod natural enemies have largely resulted from the indirect effects of the Bt proteins wherein parasitoids or predators were exposed to compromised, low-quality target prey or hosts feeding on Bt containing plants or diets. 77 This pattern was further confirmed through meta-analyses that took into account prey or host quality. 70 The presentation of sublethally compromised target hosts led to a general decline in developmental, reproductive, and survival rates in insect parasitoids. In contrast, removal of this effect through the use of Bt-resistant caterpillars or hosts not susceptible to Bt proteins led to neutral or even positive effects on these life history traits in insect parasitoids exposed indirectly to Bt proteins. Insect predators were generally less affected by prey quality, but meta-analysis showed a significant reduction in survival when predators were fed sublethally affected target prey. Again, the effect was eliminated when predators were presented with healthy prey not directly affected by Bt proteins. Thus, many of the claims of negative effects of Bt proteins on natural enemies (see, e.g., ref 82) have not been based on measuring direct toxic effects, but instead on indirect effects mediated through prey or host quality. In fact, based on laboratory studies published through late 2008, approximately 63% of those examining tritrophic interactions among prey, natural enemies, and Bt proteins were measuring effects of prey or host quality and not the direct effects of Bt toxicity. 70, 83 In the 37% of tritrophic studies that controlled for prey or host quality, the results are unequivocal in demonstrating no effects of Bt proteins on natural enemies.
The general lack of a direct hazard of Bt proteins to natural enemies and other nontarget groups, including nontarget pests, in the laboratory has been confirmed through meta-analyses of numerous field studies. 44, 70, 80 A recent meta-analysis to examine the tier-testing system used by many regulatory agencies in fact demonstrated that laboratory studies of toxicity accurately or conservatively predict effects in the field.
84 A summary of the most recent meta-analyses for field studies in Bt cotton is presented in Figure 3 . In studies in which no insecticides were used on either the Bt or the non-Bt crop, a meta-analysis can test the hypothesis that the Bt protein or other characteristics of the Bt plant affected arthropod abundance directly and/or indirectly. Effects were neutral for parasitoids, omnivores, herbivores, and detritivores but slightly negative for predators, indicating that, as a whole, this group was found at slightly lower densities in Bt cotton compared with non-Bt cotton ( Figure 3A) . Further analyses indicated that this result was largely driven by one family of insect predators (Nabidae) that are known to prey on caterpillars, a prey that would be expected to occur at very low densities in Bt fields. 44 Thus, this likely represents an indirect ecological effect of prey scarcity and not one caused by Bt toxicity per se. Not surprisingly, Bt crops generally tend to adversely affect natural enemies that specialize on the target pest by reducing prey or host abundance (a goal of all pest management tactics). Perhaps the most striking example of this comes from the Bt corn system, for which meta-analyses have shown large Journal of Agricultural and Food Chemistry ARTICLE negative impacts on a specialist parasitoid of the European corn borer, the major target of Bt corn in the United States. 44 Insecticide use has clearly declined as a result of Bt cotton adoption (see above), and this would be expected to alter arthropod dynamics relative to cotton that is being managed in a more conventional manner. Thus, another way to measure the effects of Bt cotton on nontarget organisms is to test the hypothesis that abundance is influenced by the method used to control the target pests in the system. Although fewer field studies have examined this contrast, meta-analyses demonstrate a greater reduction in nontarget abundance in non-Bt cotton treated with insecticides compared with untreated Bt cotton 44, 70, 80 ( Figure 3B) . A final comparison is relevant to the cotton system in which other pests not targeted by the Bt crop may need to be controlled with insecticides. When both Bt and non-Bt cotton are treated with insecticides, the general results are neutral ( Figure 3C ). Although fewer insecticide sprays are generally needed in Bt cotton, the impact of even a few broad-spectrum sprays are detrimental and result in nontarget densities being equivalent in the two systems. However, Torres and Ruberson 85 showed that a common coccinellid predator was more abundant in non-Bt fields. They suggest this phenomenon is related to the fact that this predator has known resistance to one of pyrethroid insecticides applied to the non-Bt, but not the Bt, fields in their study system. Such results point to the need to carefully consider underlying mechanisms when the impact of Bt crops is assessed.
Most field studies examining nontarget effects have focused on comparative abundance, but from the standpoint of assessing impacts on biological control, this is only a surrogate measure. Nonetheless, from the relatively few studies in the cotton system that have examined biological control function, the results are consistent with findings relative to field abundance. For example, in a three year field study, Naranjo 86 found that rates of predation on sentinel eggs and pupae of the target pest (P. gossypiella) were the same in both unsprayed Bt and non-Bt cotton (Figure 4) . A similar result was reported by Sisterson et al. 87 for sentinel P. gossypiella egg masses placed in commercial cotton fields. Furthermore, field life table studies on B. tabaci, another key cotton pest in the southwestern United States, showed that marginal rates of parasitism, predation by sucking predators, and dislodgement (partially the action of chewing predators) were equivalent in unsprayed Bt and non-Bt cotton 86 ( Figure 4 ). Reductions in insecticide use associated with Bt cotton, the increased availability and deployment of selective materials when insecticides are needed, and the general enhancement in other Journal of Agricultural and Food Chemistry ARTICLE pest management tactics have greatly facilitated biological control by creating an environment in which natural enemies can flourish. Greater abundance of natural enemies has been noted in several cotton-producing nations that have adopted Bt cotton and other pest management practices, 5, [88] [89] [90] and the tangible benefits have been repeatedly demonstrated. For instance, in northern China, cotton aphids that are resistant to various insecticides used to control bollworms in cotton are being effectively suppressed by natural enemies in Bt cotton fields where such sprays are unnecessary, whereas insecticides used to control bollworms in non-Bt cotton fields are leading to secondary aphid outbreaks because of natural enemy destruction. 91 In the western United States, whiteflies (B. tabaci) are suppressed long-term in cotton fields, often with only a single application of selective insecticides, whereas fields sprayed with broad-spectrum insecticides require repeated applications. 92 In this system the key contribution of Bt cotton has been the almost complete elimination of such broad-spectrum sprays for P. gossypiella, 93, 94 particularly the common early-season sprays intended to protect flower buds and early fruit formation. 95 The success of the whitefly management program was followed by the development and widespread adoption of selective insecticides to control western tarnished plant bug, L. hesperus.
96 As a result of Bt cotton, selective control options for other key pests in the system along with a complete IPM program infrastructure allowing for the efficient utilization of all component tactics (see Figure 1) , insecticide use in Arizona cotton has been driven to historically low levels 94, 97 ( Figure 5 ). Thus, although Bt cotton is only a technology for controlling one key pest in this system, it has played a key role in facilitating and enabling biological control. This in turn has allowed biologically based IPM programs to flourish and insecticide use to be nearly eliminated in a system once dominated by chemical control.
' AUTHOR INFORMATION
Corresponding Author *Phone: (520) 316-6333. Fax: (520) 316-6330. E-mail: steve.naranjo@ars.usda.gov.
Funding Sources
The development of the manuscript, the symposium presentation upon which it is based, and the author's research program in this topic area were supported by public funds appropriated to the USDA-ARS CRIS Project "Ecologically-Based Pest Management Strategies for Western Cotton." This paper presents the results of research only. Mention of a proprietary product does not constitute endorsement or recommendation for its use by USDA.
' ACKNOWLEDGMENT I thank Anthony Shelton, Bruce Tabashnik, and two anonymous reviewers for insightful comments on an earlier draft of the manuscript.
' ABBREVIATIONS USED
Bt, Bacillus thuringiensis (to denote a type of transgenic crop); IPM, integrated pest management; GE, genetically engineered; EPA, United States Environmental Protection Agency; EIQ, environmental impact quotient. 
